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†Department of Chemistry and Biochemistry and ‡Department of Physics, University of California, Santa Barbara, CaliforniaABSTRACT Congo red (CR) is a commonly used histological amyloid dye and a weak amyloid inhibitor. There is currently no
experimentally available structure of CR bound to an amyloid fibril and the binding modes, and the mechanisms governing its
inhibitory and optical properties are poorly understood. In this work, we present the first, to our knowledge, atomistically detailed
picture of CR binding to protofibrils of the Alzheimer Ab9–40 peptide. We identify three major binding modes, with the primary
mode residing in the grooves formed by the b-sheets, and observe a restriction of the torsional rotation of the CR molecule
upon binding. Our simulations reveal a novel, to our knowledge, electrostatic steering mechanism that plays an important
role in the initial recognition and binding of CR to the positively charged surface residues of the fibril. Our simulations provide
new, to our knowledge, insights into the striking spectrophotometric and inhibitory properties of CR. In particular, we show
that birefringence upon CR binding is due to the anisotropic orientation of the CR dipoles resulting from the spatial ordering
of these molecules in the grooves along the fibril axis. The fluorescent enhancement of the bound CR, in turn, is associated
with the torsional restriction of this molecule upon binding.INTRODUCTIONAfflicting over 20 million patients worldwide, Alzheimer’s
disease (AD) is the most common neurodegenerative
disease for which there is no known cure (1). It has become
imperative to develop accurate diagnostic tools (2) and ther-
apeutics (3) for this debilitating disease. A hallmark of AD
(3) is the presence of amyloid plaques in the brain tissue,
consisting primarily of b-sheet-rich fibrillar aggregates of
the 39–42 residue long Amyloid-b (Ab) peptide. Although
the precise cause of AD is still unknown, there is ample
evidence that Ab fibrils, and to an even greater extent early
aggregation intermediates such as soluble oligomers and
protofibrils, are cytotoxic (3–7). Molecules that effectively
interact with these Ab species and interrupt the normal
aggregation process of Ab could serve as lead compounds
for the development of novel detection and therapeutic
agents for AD. The amyloidogenic dye Congo red (CR) is
one such candidate. It has been used to stain amyloid fibrils
in tissues for over 80 years (8–11) and has recently been
reported to reduce Ab neurotoxicity (12).
CR is a linear and amphiphilic molecule (Fig. 1): Its
hydrophilic part includes two amino groups and a negatively
charged sulfate group (at neutral pH), and its hydrophobic
part consists of a biphenyl group at the center, along with
a diazo group with two flanking naphthalene groups. CR
has striking spectrophotometric properties (13–16). In
aqueous solution, its absorption spectrum shows a maximal
absorption at 490 nm (blue/green), leading to a red color
solution, at low concentration and neutral pH. When bound
to b-sheet-rich amyloid fibrils, the CR molecules adoptSubmitted April 8, 2012, and accepted for publication July 9, 2012.
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0006-3495/12/08/0550/8 $2.00a specific orientation (i.e., with the long axis of the CR
molecules lying parallel to the fibril axis) and become
torsionally restricted. This induces a characteristic increase
in absorption and a red shift in the absorption maximum
from 490 to 540 nm. More importantly, this spatial ordering
of CR molecules due to binding renders CR birefringent
(anisotropic light transmission), diachronic (anisotropic
absorption of linearly polarized light), as well as strongly
fluorescent. The wavelength dependent birefringence, com-
pounded with the anomalous dispersion around the absorp-
tion peak, leads to a characteristic apple-green birefringence
when CR-stained amyloids are examined between crossed
polarizer and analyzer (17). This constitutes a hallmark
signature of amyloid fibrils through this traditional histolog-
ical birefringence test (8–11). In addition, the enhanced
fluorescence of bound CR to amyloid fibrils can serve as a
second sensitive diagnostic tool for amyloidosis (15,16).
CR is capable of binding to various Ab species ranging
from monomers to mature fibrils. Binding to CR has been
shown to interrupt the normal aggregation of Ab peptides,
thereby reducing toxicity. For example, CR has been shown
to bind to low-molecular-weight aggregates of Ab1–40 to
form 1:1 and 1:2 complexes in an NMR study (18); to
solubilize toxic Ab1–40 species such as anionic detergents
(19); to bind preformed fibrils and reduce toxicity (12);
and to form heterogeneous aggregates with Ab1–40 (20).
Presently, we lack detailed information at a molecular
level regarding the binding of CR to the various Ab1–40
species. This knowledge would greatly facilitate efforts
toward understanding the recognition and inhibition mecha-
nisms of CR and to optimize this compound for clinical use.
There are no high-resolution structures of Ab species in
complex with CR available from experiment. Structural
studies of monomers and small oligomers of Ab arehttp://dx.doi.org/10.1016/j.bpj.2012.07.008
FIGURE 1 Chemical structure of CR molecule. The central torsion angle
(F) is indicated.
Binding of Congo Red to Ab9–40 Protofibrils 551hampered by the intrinsic disorder and transient nature of
these species. However, experiments (notably solid state
NMR) have provided high-resolution structures of Ab9–40
fibrillar aggregates (21) that can be used in conjunction
with computationalmodeling to probe detailed binding inter-
actions with amyloid dyes. In this study, we focus on the
binding of CR to Ab9–40 protofibrils with the goal not only
of identifying binding modes, but more importantly of gain-
ing insight at a molecular level into the striking optical and
inhibitory properties of this molecule. CR presents much
more complex optical properties than thioflavin T (ThT),
the latter only exhibiting fluorescent behavior upon binding
to amyloid fibrils. In addition, CR acts as a weak aggregation
inhibitor, whereas ThT is not known to inhibit fibril forma-
tion. As in our work on the binding of ThT to Ab protofibrils
(22), we will use a single peptide layer to describe the fibril
(as shown in Fig. 2), because this construct encompasses
the maximum number of binding sites available to the dyesFIGURE 2 Structure of an Ab9–40 protofibril from the solid NMR
studies. (A) A single Ab9–40 peptide in the protofibrils consists of a
C-terminal b-strand (upper, residues 30–40), an N-terminal b-strand (lower,
residues 10–22), and a loop. Residues 1–8 are disordered and thus omitted.
(B) A protofibril, composed of six peptides. Negatively charged, positively
charged, polar, and hydrophobic residues are colored in red, blue, green,
and black, respectively.(indeed, in the mature fibrils with multiple peptide layers,
some binding sites are buried inside the layer-to-layer inter-
face (23,24).). Our naming protocol for the surface grooves
also follows our previous study (22): we will refer to the
exposed residues Y10_V12_H14_K16_V18_F20_E22_V24
for the seven grooves on the N-terminal b-sheet layer
and I31_M35_V39 for the two grooves on the C-terminal
b-sheet layer.METHODS
System preparation
Two systems were constructed, one for the dye only and one for the proto-
fibrils binding simulations. The dye-only system, which serves as a negative
control to probe the free rotation of the dye’s central torsion, contains one
CR molecule, 2 Naþ ions, and 2317 water molecules. The binding system
consists of a 6-peptide protofibril, 2 CR molecules, 10 sodium ions, and
10,793 water molecules. The initial structure of the Ab9–40 protofibril
(see Fig. 2) is taken from the study by Tycko and co-workers (21), which
was energy minimized and properly equilibrated for this study. Two CR
molecules are initially placed ~10 A˚ away from the N-/C-terminal sheet
layers (see Fig. S1 in the Supporting Material). This allows simultaneous
sampling of two sheet layers in a single trajectory and thus enhances
sampling efficiency. 10 sodium ions (Naþ) were added to neutralize the
4 negative charges carried by the 2 CRmolecules and the 6 negative charges
carried by the 6 peptides. The solute molecules were then placed into a trun-
cated octahedron water box (a ¼ b ¼ c ¼ ~86 Ǻ, a ¼ b ¼ g ¼ 109.47)
containing 10,793 water molecules. The periodic water box was constructed
in such a way that the solute was ~10 A˚ away from the box surface and thus
the minimum distance between the solute and the image was ~20 A˚.
The Duan et al. all-atom point-charge force field (25) (AMBER ff03),
which shows a good balance between helix and sheet (26), was chosen to
represent the peptide. The water solvent is explicitly represented by the
TIP3P (27) model. The basic form of CR (pKa ¼ 4.0) (structure shown
in Fig. 1) was used in this study because it is the dominant form at neutral
pH conditions. The force field parameters for CR were obtained from
a previous study by one of the authors of this work (28). They are included
as an appendix in the Supporting Material.Molecular dynamics simulation
The AMBER 8 simulation package (29) was used for the molecular
dynamics (MD) simulations. The system was subjected to periodic
boundary conditions via both minimum image and discrete Fourier trans-
form as part of the particle mesh Ewald method (30). After the initial energy
minimization, a total of nine simulations (one for the dye only and eight for
the binding system) were performed with different initial random velocities.
For the binding simulations, the initial velocities were generated according
to the Maxwell-Boltzmann distribution at 500 K. The simulations were
started after a 10.0 ps run at 500 K to diverge the orientations and positions
of the two CR molecules. A short 1.0 ns MD at 310 K in the NPT ensemble
(constant pressure and temperature) was performed to adjust the system size
and density, and to equilibrate the solvent. The simulations were continued
at 310 K for 24.0 ns in the NVT ensemble (constant volume and tempera-
ture). For the dye-only simulation, 1.0 ns NPT plus 24.0 ns NVT simulation
were conducted. SHAKE (31) was applied to constrain all bonds connect-
ing hydrogen atoms and a time step of 2.0 fs was used. To reduce the
computational cost, nonbonded forces were calculated using a two-stage
RESPA approach (32) where the forces within a 10 A˚ radius were updated
every step and those beyond 10 A˚ were updated every two steps. Tempera-
ture was controlled at 310 K by using Berendsen’s algorithm (33) with
a coupling constant of 2.0 ps. The center of mass translation and rotationBiophysical Journal 103(3) 550–557
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block of ice problem (34,35). The trajectories were saved at 2.0 ps intervals
for further analysis. The cumulative time of the eight binding simulations
is 200 ns, ~2 months running time of 64 Opteron CPUs (2.2 GHz).Clustering analysis
We grouped the stable dye-fibril complexes (R20 atom contacts between
dye and protein) from the eight simulations into different structural families
based on the rootmean-square deviation (RMSD) of the dyemolecule (cutoff
3.5 A˚) after alignment with the protofibrils, using the Daura clustering
protocol (36). In detail, the aligned complexes are clustered into different
structural families using a recursive algorithm in which neighboring struc-
tures for each structure are identified using the RMSD cutoff, the largest
structural family is then identified and removed to form a new structure
family, and the process is continued for the remaining structures until all
structures have been included into a structural family. The centroid of each
cluster is shown in the Supporting Material. The clusters are then merged
further into seven binding types based on the binding sites (see Fig. S5).FIGURE 3 Snapshots showing the initial (A and B) and the last (C)
contacts between each CR molecule and the protofibril in a typical binding
trajectory having two CR molecules.Rotation relaxation time
The autocorrelation function of the central torsion angle h4ð0Þ4ðtÞi was fit
to an exponential decay function (et=t).RESULTS
Binding of CR to Ab9–40 protofibrils
We constructed a binding system (see Fig. S1) consisting of
an Ab9–40 protofibril and two free CR molecules, one placed
above and one below the protofibril. Over the course of all
eight independent binding simulations of 25 ns, the structure
of the protofibril was stable at 310 K except for an initial
relaxation within the first ns (see Ca RMSD over time plots
in Fig. S2). The overall convergence of the binding simula-
tions is confirmed by the steady number of contacts between
CR and the protofibrils (Fig. S3). We found that the two
copies of CR bound to opposite sides of the protofibrils in
six out of eight simulations, (see Fig. S4, 1–6). Two excep-
tions include a), oneCRbinding to the edges of the two layers
and another binding to the C-terminal sheet layer surface; b),
two CR monomers forming a dimer and then binding to the
C-terminal sheet layer surface (Fig. S4, 7 and 8). The dimer
binding is consistent with our previous binding simulations
(28) and the experimental observation (37) by Kro´l and co-
workers that CR might bind to amyloid fibrils in a supramo-
lecular form. In general, though, the two CR molecules
(seven of out of the eight simulations) are noninteracting,
which allows us to separate the eight simulations into 16
binding trajectories of one CR molecule for further analysis.Charge-charge interaction plays a role in
recognition of the N-terminal sheet layer:
an electrostatic steering mechanism
Fig. 3 shows the initial and final contacts between the two
CR molecules (denoted by CR-1 and CR-2) and the protofi-Biophysical Journal 103(3) 550–557bril in a typical binding simulation (see Fig S4 for all eight
simulations). The initial contacting modes differ: Whereas
only one side of the CR molecule (CR-1) touches down
onto the N-terminal sheet layer, both sides of the other CR
molecule (CR-2) form initial contacts with the C-terminal
sheet layer. Whereas the favorable charge-charge interaction
between the positively charged K16 of the N-terminal sheet
layer and one of the two negatively charged sulfate groups
of the CR-1 molecule appears to be responsible for the
initial steering of the dye to the N-terminal sheet layer,
the nonspecific hydrophobic interactions appear to be
responsible for the initial nonspecific contacts of the dye
to the C-terminal sheet layer. In the final snapshot of this
trajectory, both sides of the CR-1 molecule are in contact
with the protofibril in its final bound state (Fig. 3, bottom):
one side forms two salt bridges with the K16 residues and
the other side is in contact with hydrophobic residue V18
and aromatic residue F20, leading to an ordered binding
mode. CR-2, on the other hand, forms contacts with hydro-
phobic residues I31 and M35 of the fibril, leading to a disor-
dered binding mode. Table S1 lists a summary of the initial
contacts and the final binding mode of the CR molecule to
the N-/C-terminal sheet layer in the seven binding trajecto-
ries in which there is no CR dimer formation. Clearly,
whereas the charge-charge interaction between CR-1 and
K16 of the N-terminal sheet leads to the initial salt-bridge
formation and the final ordered binding modes in six out
of the seven trajectories, the nonspecific hydrophobic inter-
actions between CR-2 and the C-terminal sheet layer leads
to the initial nonspecific contacts and the final disordered
binding modes in five out of the seven trajectories. Hence,
the specific charge-charge interactions lead to preferential
orientations in the binding process of the dye to the
N-terminal sheet layer.
TABLE 1 Features of the binding modes (Fig. 4)
Binding modes A B C
Binding type I–II (Nt sheet
layer)
III–IV(Ct sheet
layer)
V–VI VII
Feature Perpendicular
to b-stand
Parallel to
b-stand
Sheet
edges
Abundance 58% (50% þ 8%) 21% 12%
Binding of Congo Red to Ab9–40 Protofibrils 553Three major binding modes of CR to the
protofibril
To identify the binding modes, stable complexes (atom
contacts R20) from all trajectories were clustered into
different structural groups as described in the Methods
section. Representative structures of the abundant structural
families (>1% of the population) are shown in the Support-
ing Material (Fig. S5). The top 16 structural families can be
further merged into seven binding types based on their
binding sites (Fig. 4): type I), binding in the H14_V12
groove of the N-terminal sheet layer; type II), binding in
the F20_V18 groove of the N-terminal sheet layer; type
III), binding in the G29_I31 groove of the C-terminal sheet
layer; type IV), binding in the I31_M35 groove of the
C-terminal sheet layer; type V), binding parallel to the
b-strands of the N-terminal sheet layer; type VI), binding
parallel to the b-strands of the C-terminal sheet layer; and
type VII), binding at the edge of the two sheet layers. These
seven binding types can be further grouped into three
binding modes, summarized in Table 1 along with their
abundance: A), binding in the grooves perpendicular to
the b-strand (58%) and along the fibril axis; B), binding
parallel to the b-strand (21%); C), binding to an edge ofFIGURE 4 Seven binding sites (A–G) observed from the binding simula-
tions. Abundance is noted. Nt: N-terminal sheet layer; Ct: C-terminal sheet
layer. For clarity, the unbound sheet layer is not shown.the two sheet layers (12%). In mode A, binding to the
N-terminal sheet layer (50%) is more abundant than binding
to the C-terminal sheet layer (8%). This is likely due to
favorable charge-charge interaction between K16 and the
sulfate groups of CR.Rotational restriction of the central torsion angle
of CR
Much like ThT, binding of CR to amyloid fibrils leads to
fluorescence. It has been suggested that the observed fluo-
rescence is associated with rotational restriction of these
molecules. To examine how rotation of the two rings of
the CR molecule is affected by binding, we used the
protocol developed in our earlier study on ThT (22) to char-
acterize the preferential orientation of the central torsion
angle of CR and its rotation relaxation time under different
environments. To investigate torsional preference, we calcu-
lated the probability distributions of the central torsion angle
(Fig. 5 A). Because the dye molecule roughly has C2 rota-
tion symmetry, the torsion angle ranges between 0 and
90. The distribution for CR in free and bound form is
very similar and the most probable angle is ~30, which is
consistent with steric hindrance between the neighboring
hydrogen atoms on the two central rings (Fig. 5 B). For
the rotation relaxation time, we calculated the autocorrela-
tion of each dye molecule in each binding trajectory
(Fig. S8). The summary of these results is listed in Table 2.
Clearly, the rotational relaxation time of CR increases from
0.2 ps in bulk water to ~4.0 ps on the surface of the proto-
fibril. The 20-fold increase of the rotational relaxation
time is due to larger friction forces/viscosity resulting
from stronger rotational restrictions imposed by the more
rigid environment (surface residues) on the dye molecules.DISCUSSION AND CONCLUSION
When CR-stained amyloid deposits are microscopically
examined between cross polarizer and analyzer, one can
observe an apple-green birefringence, which is a hallmark
of amyloids. This histological hallmark (8–11) is believed
to be caused by the spatial ordering of CR molecules upon
binding to amyloids. The importance of the spatial ordering
of CR molecules in producing the birefringence is
confirmed by the fact that the spectrophotometric properties
of the fibril-bound CR molecules can be replicated inBiophysical Journal 103(3) 550–557
FIGURE 5 Central torsion angle distributions of
dye molecules at free and bound states (A) and
dipole moment vector of dye molecule at the
bound state (B).
554 Wu et al.nonfibrillar systems, provided that the CR molecules
become ordered. For example, Howie et al. (17) have shown
that the smearing of CR drops with a single stroke in one
direction on a glass slide can produce ordering of CR mole-
cules in streaks (i.e., the long axis of CR molecules is
parallel to the smearing direction/the streak axis), which
leads to the same birefringence as in amyloid systems.
Because amyloid fibrils are rich in b-sheet content (more
specifically with a cross-b-structure), as established from
x-ray powder diffraction (38), solid state NMR (39) and
computational studies (23,24,40–42), and because CR can
bind to a number of amyloid fibrils (suggesting a common
recognition motif), it has been proposed that CR might
bind in the characteristic grooves present on the b-sheet
surface of amyloids (43). The simulations presented in
this work provide the first atomistically detailed picture of
CR binding to amyloid fibrils of the Ab40 peptide and
reveal that the primary binding mode is indeed located in
the grooves, with the long axis of the CR molecules residing
parallel to the long axis of the protofibril axis. The detailed
atomistic information gleaned from simulation enables us to
rationalize both the spectrophotometric properties and the
inhibitory properties of this molecule.
Our simulations reveal that the CR molecules adopt
a specific ordering upon binding to the amyloid fibril. By
examining the ordering of the CR molecules in the main
binding site, we can obtain new molecular insights into
how spatial ordering affects the photo-matter interaction
in light transmission. The refractive index of an organic
compound in bulk is determined by several molecular
descriptors, including the polarizability of the molecule,
the charge distribution in the molecule, and the hydrogen
bonding capability in the bulk (44). Here, we focus on the
molecular charge distribution to provide a qualitative expla-
nation of the birefringence of fibril-bound CR. Recall that
the interaction of an electric field of linearly polarized light
wave and a dipole of a charged molecule is given by the dotTABLE 2 Rotational relaxation times of the central torsion
angle of CR under different environments
Environment t(ps) Cong red
Free in water 0.2
Binding to Ab9–40 4.05 1.0
Biophysical Journal 103(3) 550–557product of the dipole moment and the electric field vector.
When the two vectors are parallel, the interaction is stron-
gest, leading to a bigger change of light speed. Conversely,
when they are perpendicular, the interaction is weakest,
leading to a smaller change of light speed. Hence, this
angle-dependent interaction will modulate the transmission
speed of light. In our simulations, the preferred conforma-
tion of CR molecules in the major binding mode is planar
(see Fig. 4, I–VI, and Fig. 5), and parallel to the local
b-strand surface. Our previous quantummechanical calcula-
tions show that monopole and dipole of the CR molecule in
this planar conformation are2 charge and 13.0 Debye (28)
(Fig. 5 B). Of particular importance is the fact that the dipole
direction is perpendicular to the plane of the CR molecule
(i.e., perpendicular to the local b-strand surface). Due to
the twist angle (~15) between two neighboring b-strands
in a b-sheet (Fig. 6 A), the b-strands in the b-sheets adopt
a long-range helical rotation (~24 strands) along the fibril
axis (i.e., the b-sheets are not planar but rotated along the
fibril axis as shown in Fig. S6) (38,45). With these two basic
facts (i.e., the CR dipole is perpendicular to the local
b-strand plane and the b-strand plane is rotated along the
fibril axis), we can schematically represent the dipole orien-
tation of the CR molecules in the major binding mode from
different viewpoints (Fig. 6, B and C). When viewed along
the fibrils axis (Fig. 6 B), the projection of the termini of the
b-strand in one b-sheet layer is roughly a circle due to the
helical rotation, with the dipole of the CR molecules tangent
to the circle as a result of the dipole being perpendicular to
the b-strand plane. When the linearly polarized light trace is
along the fibril axis, the interaction between the electric field
of the light wave and the dipoles is isotropic, regardless of
the oscillating plane of the electric field. Therefore, the
transmission velocity of any linearly polarized light is the
same and the fibril axis becomes the optical axis for this
birefringent material. In contrast, if viewed perpendicular
to the optical/fibril axis (i.e., along the b-strand direction),
the projection of the termini of the b-strands in one b-sheet
layer can be represented by a wave line as a result once
again of the rotation of the b-strands (Fig. 6 C). The projec-
tion of the CR dipole in a plane (e.g., the paper plane in
Fig. 6 C) passing the fibril axis will also be modulated by
the rotation of the b-strands due to the orthogonal relation
between the dipole direction and b-strand direction (i.e., it
FIGURE 6 Scheme for showing dipole orienta-
tion of CR molecules bound along the fibril axis
(e.g., type I–IV of Fig. 4) on a b-sheet layer with
helical rotation. (A) Twisting between two b-stands
in a b-sheet layer. (B) Viewpoint along the fibril
axis. (C) Viewpoint along the b-strand direction,
which is perpendicular to the fibril axis. Arrow
represents CR dipole vector direction.
Binding of Congo Red to Ab9–40 Protofibrils 555is maximal when the b-strand is perpendicular to the paper
plane and minimal when the b-strand is parallel to the paper
plane). The dipole direction of the CR molecules is always
perpendicular to the optical axis and there is no dipole along
the fibril axis. When the linearly polarized trace is perpen-
dicular to the optical axis (i.e., the paper plane is the polar-
ization plane), the transmission velocity of the light wave
will be anisotropic and depend on the angle between the
CR dipole direction and the direction of the oscillating elec-
tric field. The biggest velocity difference (this difference
could be negative or positive depending on the wavelength,
leading to negative and positive birefringence) appears
when the angle is either 0 or 180 degrees (0/180) for one
light wave (ordinary light) and 90/270 degrees for another
light wave (extraordinary light). To get the brightest bire-
fringence interference for CR-strained amyloid between
crossed polarizer and analyzer, the angle should be 45/225
degrees. Negative birefringence leads to transmission of
the color blue, positive yellow, and the mixture appears as
apple-green (13,17).
The dipole model presented previously, which is based on
the orientation of the CR molecules in the major binding site
identified from simulation, rationalizes the experimentally
observed birefringence. This interaction analysis between
the electronic field of light and the dipole of the bound
CR molecules in the major binding mode can be extended
to explain the experimentally observed dichromatic feature
(i.e., anisotropic light absorption) of the spatially ordered
CR molecules. The only difference between the two cases
is that the transition dipole involving both electronically
excited states and the ground state should be used instead
of the dipole of the ground state (as was used in the previous
transmission analysis).
Another interesting optical feature of CR is enhanced
fluorescence upon binding to amyloid fibrils. This is a
common feature shared by other amyloid dyes, such as
ThT. The enhancement has been extensively studied exper-
imentally and theoretically in the case of ThT (46–48).
Torsional rotation restriction between two rings of ThT in
the electronically excited state has been suggested as the
key factor for reducing nonradioactive relaxation and
thereby improving quantum yield. Indeed, our previous
analysis based on binding simulations of ThT to the same
Ab9–40 profibril have shown that the rotation relaxation
of ThT increases from 0.4 to 0.7 ps in bulk water to
6.1–10.5 ps s on the profibril surface in the ground state
(22). In this study, the same analysis shows a similar trendwith the relaxation time increasing from 0.2 to ~4.0 ps for
the central torsion angle of CR. We suggest based on these
simulations that rotational restriction should also be an
important component of CR fluorescence in the bound state.
This fluorescence feature could serve as an additional sensi-
tive diagnosis tool for amyloids.
In addition to shedding light into the optical properties
of bound CR, our simulations also provide insights into
the chemical specificity of the binding between CR and
Ab fibrils. In earlier work, one of the authors of this work
examined the binding of CR to protofibrils of the model
amyloidogenic fragment GNNQQNY of the yeast prion
Sup35 (28) and identified two major binding sites, the first
in the grooves formed by residues GNN, with binding of
CR parallel to the fibril axis (73%), and the second site
with CR binding parallel to the b-strands (11%). In the
case of the Ab9–40 profibril, which has a more complex
supramolecular structure (strand-loop-strand, versus simple
b-sheet), we identify seven binding sites (Fig. 4, A–G),
which can be grouped into three main binding modes:
groove binding (58%), b-strand binding (21%, parallel
to b-strand), and edge binding (12%, perpendicular to
b-strand). In earlier work, we also examined the binding
of the ThT dye to the same Ab9–40 profibril (22) and in
that case, we identified two major binding modes: groove
binding (52%) and loop binding (48%). The nature of the
most abundant binding mode (located in the grooves) is
the same for CR binding to protofibrils of both the Sup35
fragment and the Ab9–40 peptide, highlighting the fact that
CR recognize a common structural motif. Interestingly,
our earlier work on ThT binding to the same Ab9–40 profibril
(22) as well as to other fragments (49,50) also revealed that
the main binding mode of ThT is located in the grooves,
implying that CR and ThT share the same primary recogni-
tion motif. Nonetheless, it is important to point out that the
chemical differences between CR and ThT, and between the
peptides making up the different fibrils, lead to variations of
the secondary binding modes. Hence, CR and ThT are not
perfect competitive binders, as their minor binding modes
are located at different sites (e.g., b-strand and edge of the
Ab9–40 profibril in the case of CR and loop of the Ab9–40
profibril in the case of ThT).
Our simulations also uncover a novel, to our knowledge,
electrostatic steering mechanism for the binding of CR to
the charged N-terminal sheet layer of the Ab9–40 profibril.
Indeed, we see that charge-charge interactions between
K16 of the fibril and CR play an important role in directingBiophysical Journal 103(3) 550–557
556 Wu et al.the binding of CR to the charged fibril surface. Favorable
charge interaction between K16 and the sulfate group lead
to a steering effect in the initial binding contact stage
(Fig. 4). Binding with these salt bridges (70% of Fig. 4,
I–III, V, and VII), are more abundant than the binding
without the salt bridges (21% of Fig. 4, IV and VI). This
electrostatic steering was not observed for either the binding
of CR to the GNNQQNY protofibrils or the binding of
ThT to the Ab9–40 profibril. The lack of any positively
charged residue in the GNNQQNY peptide can explain
the former, whereas the deeper burial of the positively
charge ThT (with its methyl group) provides an explanation
for the latter.
In addition, the three binding modes observed in our
simulations provide insights into the inhibition mechanism
of CR to Ab fibrils formation. Groove binding and b-strand
binding on the b-sheet surface may play a role in interrupt-
ing sheet-to-sheet stacking, whereas edge binding, a mode
that has also been observed in the binding of two nonste-
roidal antiinflammatory drugs (51,52) to the concave edges
of the Ab fibril, may play a role in blocking strand-to-sheet
extension. Edge binding may be an important player in
inhibition: this binding mode was not observed in binding
simulations of ThT (which does not inhibit aggregation) to
the Ab9–40 profibril. Additionally, the exposed charged
and polar groups of CR should improve the solubility of
the bound Ab species (19), which may prevent further olig-
omerization (note that whereas CR has a 2 charge, the
noninhibiting ThT has a þ1 charge). Future work will
involve the simulation of CR to monomers and oligomers
of Ab to further elucidate the role of CR in inhibiting the
aggregation process.SUPPORTING MATERIAL
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